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Abstract 

In this paper, the performances of a four power-piston, gamma-configuration, low-temperature differential Stirling engine are pre¬ 
sented. The engine is tested with air at atmospheric pressure by using a solar simulator with four different solar intensities as a heat 
source. Variations in engine torque, shaft power and brake thermal efficiency with engine speed and engine performance at various heat 
inputs are presented. The Beale number obtained from the testing of the engine is also investigated. The results indicate that at the maxi¬ 
mum actual energy input of 1378 W and a heater temperature of 439 K, the engine approximately produces a maximum torque of 
2.91 N m, a maximum shaft power of 6.1 W, and a maximum brake thermal efficiency of 0.44% at 20 rpm. 

© 2008 Published by Elsevier Ltd. 
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1. Introduction 

The low-temperature differential (LTD) Stirling engine 
is a type of Stirling engine that can run with a small tem¬ 
perature difference between the hot and cold ends of the 
displacer cylinder. The LTD Stirling engine is therefore 
able to operate with various low-temperature heat sources. 

Some characteristics of the LTD Stirling engine are as 
follows: 

(1) Displacer to power-piston swept volumes ratio or 
compression ratio is large. 

(2) Diameters of displacer cylinder and displacer are 
large. 

(3) Displacer length is short. 

(4) Effective heat transfer surfaces on both end plates of 
the displacer cylinder are large. 
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(5) Displacer stroke is small. 

(6) Dwell period at the end of the displacer stroke is 
slightly longer than the normal Stirling engine. 

(7) Operating speed is low. 

While the Stirling engine has been studied by a large 
number of researchers, the LTD Stirling engine has 
received comparatively little attention. Many studies 
related to solar-powered Stirling engines and LTD Stirling 
engines have been reviewed in the authors’ previous works 
(Kongtragool and Wongwises, 2003a). Some of these 
works are described as follows: 

Haneman (1975) studied the possibility of using air with 
low-temperature sources. This led to the construction of an 
unusual engine, in which the exhaust heat was still suffi¬ 
ciently hot to be useful for other purposes. 

A simply constructed low-temperature heat engine mod¬ 
eled on the Stirling engine configurations was patented by 
White (1983). White suggested improving performance by 
pressurizing the displacer chamber. Efficiencies were 
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Nomenclature 


A absorber area (nr) 

c p specific heat of water at constant pressure 
(4186 J/kg K) 

E h heat source efficiency 

E bt brake thermal efficiency 

/ engine frequency (Hz) 

/ average intensity on absorber plate (W/m 2 ) 

m w mass of water to absorb heat (kg) 

N engine speed (rpm, rps) 

ry 

N b Beale number (W/bar cm Hz) 

P shaft power (W) 

p m engine mean-pressure (bar) 

q in actual heat input to the engine (W) 


q total heat input from heat source (W) 

r dynamometer brake drum radius (m) 

S spring balance reading (N) 

T engine torque (N m) 

T c cooler wall temperature (K) 

T n heater wall temperature (K) 

r wl initial water temperature (K) 

T w2 final water temperature (K) 

t\ initial time at water temperature of T w i (s) 
t 2 final time at water temperature of T w2 (s) 
V P power-piston swept volume (cc) 

W loading weight (N) 


claimed to be around 30%, which is regarded as quiet high 
for a low-temperature engine. 

O’Hare (1984) patented a device which passed cooled 
and heated streams of air through a heat exchanger by 
changing the pressure of air inside the bellows. The practi¬ 
cal usefulness of this device was not shown in detail as in 
the case of Haneman’s work. Spencer (1989) reported that, 
in practice, such an engine would produce only a small 
amount of useful work relative to the collector system size, 
and would give little gain compared to the additional main¬ 
tenance required. 

Senft’s work (Senft, 1991) showed the motivation in the 
use of Stirling engine. Their target was to develop an engine 
operating with a temperature difference of 2 °C or lower. 
Senft (1993) described the design and testing of a small 
LTD Ringbom Stirling engine powered by a 60° conical 
reflector. He reported that the tested 60° conical reflector, 
producing a hot end temperature of 93 °C under running 
conditions, worked very well. 

Rizzo (1997) reported that Kolin experimented with 16 
LTD Stirling engines, over a period of 12 years. Kolin pre¬ 
sented a model that worked on a temperature difference 
between the hot and cold ends of the displacer cylinder 
which was as low as 15 °C. Iwamoto et al. (1997) compared 
the performance of a LTD Stirling engine with a high-tem¬ 
perature differential Stirling engine. They concluded that 
the LTD Stirling engine efficiency at its rated speed was 
approximately 50% of the Carnot efficiency. However, 
the compression ratio of their LTD Stirling engine was 
approximately equal to that of a conventional Stirling 
engine. Its performance, therefore, seemed to be the perfor¬ 
mance of a common Stirling engine operating at a low 
operating temperature. 

Senft Van Arsdell (2001) made an in-depth study of the 
Ringbom engine and its derivatives, including the LTD 
engine. Senft’s research into LTD Stirling engines resulted 
in an interesting engine, which had an ultra-low tempera¬ 
ture difference of 0.5 °C. It has been very difficult for any¬ 
one to create an engine with a result better than this. 


Kongtragool and Wongwises (2003b) investigated the 
Beale number for LTD Stirling engines by collecting the 
existing Beale number data for various engine specifica¬ 
tions from the literature. They concluded that the Beale 
number for a LTD Stirling engine could be found from 
the mean-pressure power formula. 

Kongtragool and Wongwises (2005a) theoretically 
investigated the power output of a gamma-configuration 
LTD Stirling engine. Former works on Stirling engine 
power output calculations were studied and discussed. 
They pointed out that the mean-pressure power formula 
was the most appropriate for LTD Stirling engine power 
output estimation. However, the hot-space and cold-space 
working fluid temperatures were needed in the mean-pres¬ 
sure power formula. 

Kongtragool and Wongwises (2005b) presented the opti¬ 
mum absorber temperature of a once-reflecting full-conical 
reflector for a LTD Stirling engine. A mathematical model 
for the overall efficiency of a solar-powered Stirling engine 
was developed and the limiting conditions of both maximum 
possible engine efficiency and power output were studied. 
Results showed that the optimum absorber temperatures 
obtained from both conditions were not significantly differ¬ 
ent. Furthermore, the overall efficiency in the case of the 
maximum possible engine power output was very close to 
that of the real engine of 55% Carnot efficiency. 

Kongtragool and Wongwises (2007a) also reported the 
performance of two LTD Stirling engines tested using 
LPG gas burners as heat sources. The first engine was a 
twin-power-piston engine and the second one was a four- 
power-piston engine. Engine performances, thermal perfor¬ 
mances, including the Beale’s numbers were presented. 

Recently, Kongtragool and Wongwises (2007b) pre¬ 
sented the performance of a twin-power-piston Stirling 
engine powered by a solar simulator. This engine was the 
same as the engine described in (Kongtragool and 
Wongwises, 2007a). However, the heat source was a solar 
simulator made from a 1000 W halogen lamp. Compari¬ 
sons were made between the characteristics of the 
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high-temperature differential (HTD) and LTD Stirling 
engine and methods for performance improvement were 
also discussed. 

Although some information is currently available on the 
LTD Stirling engine, there still remains room for further 
research. In particular a detailed investigation is lacking 
into the LTD Stirling engine using solar energy as a heat 
source. As a consequence, in this paper, the testing of the 
performance of a LTD Stirling engine using simulated 
solar energy is presented. The LTD Stirling engine tested 
in this paper is a kinematics, single-acting, four power- 
piston, gamma-configuration. Non-pressurized air is used 
as a working fluid and a solar simulator fabricated from 
four 1000 W tungsten halogen lamps is used as a heat 
source. Since the gamma-configuration provides a large 
regenerator heat transfer area and is easy to be constructed, 
this is configuration which is used in this study. 

2. Experimental apparatus and procedure 

The engine schematic diagram and main design param¬ 
eters are shown in Fig. 1 and Table 1, respectively. To elim¬ 
inate the machining difficulties experienced with a single 
large power-piston, it is designed with four single-acting 
power-pistons. Two power-pistons are connected with pis¬ 
ton rods and a flat bar (see Fig. 2). Four power cylinders 
are directly connected to the cooler plate to minimize the 
cold-space and dead volume transfer-port. Furthermore, 
the cooler plate is a part of the cooling water pan. 

In order to make the engine compact and to minimize 
the number of engine parts, a simple crank mechanism is 
used in this engine. The crankshaft, which is supported 
by two ball bearings, is made from a steel shaft, two crank 
discs and a crank pin. The crank pin is connected to the 
displacer connecting rod. Two steel flywheels, which also 



Table 1 


Engine main design parameters 


Mechanical configuration 

Gamma 

Power piston 

bore (cm) x stroke (cm) 

13.3 x 13.3 

swept volume (cm ) 

7391 

Displacer 

bore (cm) x stroke (cm) 

60 x 14.48 

swept volume (cm ) 

40,941 

Compression ratio 

5.54 

Phase angle 

90° 


act as the crank discs for the power-pistons, are attached 
to both ends of the crankshaft. 

The power cylinders and pistons are made from steel. 
The piston surfaces have brass lining and oil grooves, 
1 mm x 1 mm with 10 mm spacing. The clearance between 
piston and bore is approximately 0.02 mm. The displacer 
cylinder and head is made from a 1 mm thick stainless steel 
plate and the clearance between them is 2 mm. The displac¬ 
er also serves as a regenerator, which is made from a 
round-hole perforated steel sheet. The stainless steel pot 
scourer is used as a regenerator matrix. 

The displacer rod, made from a stainless steel pipe, is 
guided by two brass bushings placed inside the displacer 
rod guide house. Leakage through these bushings is pre¬ 
vented by two rubber seals. Both ends of the power-piston 
and displacer connecting rod which are made from steel, 
are fitted with two ball bearings. Details of the testing facil¬ 
ities are shown in Fig. 2. The intensity placed on the absor¬ 
ber plate (or displacer head) is measured by a pyranometer 
(Lambert model 00.16103.000000 CM3, calibrated con¬ 
stant of which is 23.66 jiV/Wm -2 ). The sensitivity of the 
intensity measurement obtained from the pyranometer is 
±0.05%. 

The cooler temperature (7%) and heater temperature 
(T h ) are measured by T-type and K-type thermocouples, 
respectively. The accuracy of temperature measurement is 
±0.1 °C. Four 1000 W tungsten halogen lamps (Osram 
Haloline 64740 L J R7s) are used as a solar simulator. A 
data logger (DataTaker model DT 50) is used to collect 
data from thermocouples and pyranometer. 

The engine torque is measured by a rope-brake dyna¬ 
mometer. A displacer crank disc, which is 8.95 cm in 
radius, is used as a brake drum. The braking load is mea¬ 
sured by the loading weight and spring balance reading. 
A photo tachometer with ±0.1 rpm accuracy is used to 
measure the engine speed. The engine tests are performed 
using four distances from the lamp to the absorber. The 
average simulated intensities (/) on the absorber plate are 
5380, 5772, 6495, and 7094 W/m 2 . The actual heat input 
to the engine (q in ), at the above mentioned intensities, is 
experimentally determined by using water to absorb this 
heat. The concentrated heat ( q ) on the absorber plate, 
actual heat input into the engine (t/i n ), absorber tempera¬ 
ture, and the engine performance (P max ) resulting from 
these simulated intensities are shown in Table 2. 
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Fig. 2. Engine with testing facilities. 


Table 2 


Maximum engine performance and Beale number at T c = 307 K 


1 (W/m 2 ) 

<7(W) 

tfin (W) 

T’h(K) 

Tnax (N m) 

/'max (W) 

f BTmax (%) 

N B (W/bar cm 3 Hz) 

5380 

1521 

1235 

401 

2.21 at 19.0 rpm 

4.39 at 19.0 rpm 

0.36 at 19.0 rpm 

1.8757 x 1(T 3 

5772 

1632 

1272 

412 

2.96 at 15.3 rpm 

4.87 at 18.8 rpm 

0.38 at 18.8 rpm 

2.1029 x 10" 3 

6495 

1837 

1323 

425 

2.78 at 18.5 rpm 

5.44 at 19.6 rpm 

0.41 at 19.6 rpm 

2.2532 x 10~ 3 

7094 

2006 

1378 

439 

2.91 at 20.0 rpm 

6.10 at 20.0 rpm 

0.44 at 20.0 rpm 

2.4760 x 10~ 3 


3. Experimental procedures 

3.1. Intensity test 

A measurement of the actual intensity placed on the 
absorber plate is needed for the engine performance calcu¬ 
lation. The experiment for determination of the actual 
intensity on the engine absorber at various distances from 
halogen lamp to absorber was carried out first. A pyranom¬ 
eter was used to measure the intensity on the displacer 
cylinder head that acted as the absorber plate. A data 
logger and a personal computer were used to collect data 
from the pyranometer. The schematic diagram of this test 
is shown in Fig. 3. The testing procedure was as follows: 



Solar simulator 





Fig. 3. Schematic diagram of the simulated solar intensity test. 
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- The displacer cylinder and the halogen lamp were put on 
the stand. 

- The distance from the halogen lamp to the absorber 
plate was set as required. 

- The pyranometer was placed on the absorber plate at 17 
positions as shown in Fig. 4. 

- The pyranometer was connected to the data logger and 
computer. 

- The halogen lamp was turned on and the intensity was 
collected at that position. 

- The pyranometer was placed to other positions. 

- The testing was repeated for other intensities by chang¬ 
ing the distance between lamp and absorber. 


Displacer cylinder 

-i The 

Tw 

umocc 

)uple 

_ 

V 


Thermocouple 

< 

Water 





Solar simulator 


Fig. 5. Schematic diagram of the heat source efficiency test. 


The test results from those twelve distances are shown in 
Fig. 7. 


3.2. Heat source test 

The actual or useful heat input can not be determined 
directly while the engine is running due to difficulties 
caused by instrumentation. In order to determine the 
actual heat input to the engine, therefore, this experiment 
was carried out before the real performance test had begun. 
The schematic diagram of the heat source test is shown in 
Fig. 5. The testing procedure was as follows: 

The displacer cylinder, insulated with 25.4 mm thick 
insulation was put on the stand. Thirty kg of water was 
poured into the displacer cylinder. This water was used 
to absorb the heat from the solar simulator. The absorbed 
heat was the useful heat input to the displacer cylinder. 

The thermocouples for measuring the displacer cylinder 
head wall temperature and the water temperature were 
installed. Three T-type thermocouples were used to mea¬ 
sure the water temperature in the displacer cylinder, while 
three K-type thermocouples were used to measure the dis¬ 
placer cylinder head wall temperatures. 

The halogen lamp was placed at the required distance, 
underneath the displacer cylinder head. The initial water 
temperature was recorded and the halogen lamp was 
turned on. Before the boiling point was reached, all tem¬ 
peratures were taken at every 1-min interval using a data 
logger and personal computer. 

The testing was repeated with another heat input by 
changing the distance between the halogen lamp and the 



Fig. 4. Positions of pyranometer in the simulated solar intensity test. 


absorber. The test results from four intensities are shown 
in Table 2. 

The heat source efficiency (7f H ) can be determined from 
the following equation (Kongtragool and Wongwises, 
2007b): 

j-i 91 m Ww'Cp ( T\w 2 T w \) / x 

E "-J- (1) 

where m w is the mass of water to absorb heat transferred 
from the heat source, c p is the specific heat of water at con¬ 
stant pressure, T wl and T w2 are the initial water tempera¬ 
ture and the maximum water temperature, respectively, t\ 
and t 2 are initial and final times at the water temperature 
of T wl and T w2 , respectively, / is the intensity from a solar 
simulator, and A is the absorber area. 

3.3. Performance test 

The schematic diagram of the engine performance test is 
shown in Fig. 6. Before the engine was started, all thermo¬ 
couples were connected to the data logger and computer 




/ Solar simulator 


Fig. 6. Schematic diagram of the four power-piston Stirling engine 
performance test by a solar simulator. 
























































498 


B. Kongtragool, S. Wongwises / Solar Energy 82 (2008) 493-500 



Distance from lamps to absorber (mm) 

Fig. 7. Average intensity on absorber plate versus distance from lamp to 
absorber. 

and the cooling water system was connected to the engine 
cooling pan. The cooling water flow rate was adjusted in 
order to keep water level in the cooling pan constant. Some 
lubricating oil was ejected into the power-pistons, cylin¬ 
ders, and the displacer guide bushing. 

The solar simulator was placed underneath the displacer 
head at a specified distance. The halogen lamp was then 
switched on. The displacer head was heated up until it 
reached the operating temperature. The engine was then 
started and run until a steady condition was reached. 

The engine was loaded by adding a weight to the dyna¬ 
mometer. After that, the engine speed reading, spring bal¬ 
ance reading and all temperatures reading from the 
thermocouples were collected. Another loading weight 
was added to the dynamometer until the engine was 
stopped. The actual shaft power ( P ) can be calculated 
from: 

P = 27i77V = 2n(S - W)rN (2) 

where T is the engine torque, S is the spring balance read¬ 
ing, W is the loading weight, r is the brake drum radius, 
and N is the engine speed. 

Testing was then repeated with another simulated inten¬ 
sity by changing the distance from the lamp to absorber. 

The actual heat input to the engine (q in ) at the above 
mentioned intensities, was experimentally determined by 
using water to absorb the heat. The concentrated heat ( q) 
on absorber plate, actual heat input to the engine, absorber 
temperature, and engine performance resulting from these 
simulated intensities are shown in Table 2. In this table, 
the brake thermal efficiency 77 B t is calculated from: 

E BT =P/q m (3) 

The Beale number is calculated from the Beale formula 
(Kongtragool and Wongwises, 2003b, 2005a): 

N B =P/(p m V P f) (4) 

Where p m is engine mean-pressure, V P is power-piston 
swept volume and /is engine frequency. For non-pressur- 


ized engines, the p m = 1 bar is used in the calculation as de¬ 
scribed by Senft (1993). 

4. Experimental results and discussion 

In the engine test, as the load is gradually applied to the 
engine, its speed is gradually reduced, until eventually it 
stops. The characteristics are shown in the form of the vari¬ 
ation of torque, shaft power and brake thermal efficiency 
with the engine speed. Only engine performance at the 
maximum average simulated intensity is presented as a typi¬ 
cal performance as shown in Fig. 8. 

From Fig. 8, it can be noted that the engine torque 
decreases with increasing engine speed. Furthermore, the 
shaft power increases with increasing engine speed until 
the maximum shaft power is reached and then decreases 
with increasing engine speed. This decreasing shaft power 
after the maximum point, results from the friction that 
increases with increasing speed together with inadequate 
heat transfer at higher speed. Since the brake thermal effi¬ 
ciency is the shaft power divided by a constant heat input, 
the curve of brake thermal efficiency has the same trend as 
the shaft power. 

Figs. 9-11 show the variations of engine torque, shaft 
power and brake thermal efficiency with engine speed at 
various heat inputs, respectively. As expected, greater 
engine performance results from the higher heat input. 
An increase of the engine torque, shaft power and brake 
thermal efficiency is shown to also depend on the heater 
temperature. 

In Fig. 12, the maximum shaft power and Beale number 
at various heat inputs are plotted against the heater tem¬ 
perature. As shown in this figure, the shaft power and 
Beale number increase with an increase in heater 
temperature. 

Results from this study indicate that the engine perfor¬ 
mance and heater temperature increase with increasing 
simulated solar intensity. In fact, it can be said that the 



Fig. 8. Engine performance at 7094 W/m 2 average intensity, 1378 W 
actual heat input. 

















B. Kongtragool , S. Wongwises / Solar Energy 82 (2008) 493-500 


499 




N 

X 



co 

i 

O 


DO 


CD 

_Q 

E 

c 

o 

CD 

CD 

m 


Fig. 12. Variations in engine maximum shaft power and Beale number 
with heater temperature. 




Engine speed (RPM) 

Fig. 11. Variations in brake thermal efficiency at various actual heat 
inputs. 

maximum engine torque, shaft power, and brake thermal 
efficiency increases with increasing heater temperature. 

The main technical problem is that the engine gives very 
low brake thermal efficiency (1.5% of Carnot efficiency, 
approximately). This may be caused by low shaft power 


due to high friction loss between the power pistons and cyli¬ 
nder. It is also very difficult to align four power pistons, 
which are rigidly connected as single members in two sets, 
to the four separately mounted cylinders. Another cause is 
that the engine operates at a relatively low-temperature. 
The heat source efficiency, the distance from lamp to dis¬ 
placer head, the displacer head thickness, and convection 
heat loss also affected the brake thermal efficiency. 

Performance improvement in terms of design and con¬ 
struction can be achieved in many ways. For example, 
the alignment and precision of engine parts can be 
improved by using standard parts (e.g. using standard 
rod ends, instead of connecting the large and small ends 
of the rods which are made from ball bearings) and profes¬ 
sional technicians who have specific experience in con¬ 
structing or rebuilding engines. In addition, friction loss 
at a displacer guide rod can be reduced by changing the 
seal used at the displacer rod from a rubber seal to an oil 
grooves seal, as used in the seal of power-piston. Moreover, 
flywheel weight can be reduced by decreasing the weight of 
the power-piston, which can be done by making piston 
skirt and piston head thinner and by strengthening them 
with reinforced stiffeners. The displacer weight can also 
be reduced by changing the regenerator matrix from stain¬ 
less steel to aluminum. 

The four power-piston engine developed is specifically 
designed to have four power cylinders directly installed 
on a cooler plate coupled on a displacer cylinder. Thus, it 
is not necessary to use transfer ports, which results in as 
minimal dead volume as possible. This engine design is 
based on a principle of multifunctional capability of parts. 
Making a cooler plate part of a cooler not only helps in 
reducing the number of parts, but also helps in ventilating 
heat from the power cylinders. Furthermore, the displacer 
is also designed to serve as a regenerator. As a result, not 
only the engine structure is simple and uses as minimal 
parts as possible but the production cost is also lower. 

The four power-piston configuration is good in that it 
yields as much power as a four-cylinder single-acting 
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engine or a two-cylinder double-acting engine. However, 
both the four-cylinder single-acting engine and the two- 
cylinder double-acting engine have to use four displacer 
cylinders. Hence, it is very difficult or even impossible to 
use those engines with a conventional solar concentrator. 

The four power-piston engine developed is planed to be 
tested in the next step with a solar concentrator. Therefore, 
this engine is more likely to be developed into a compact 
engine with a high power-piston swept volume that can 
be used with a conventional solar concentrator. Since the 
LTD Stirling engine can work in low-temperature, it is pos¬ 
sible to use a simple solar concentrator such as the conical 
reflector, which has a structure that is easier to construct 
than the parabolic dish concentrator. Therefore, the pro¬ 
duction cost of this part is also lower. 

5. Conclusions 

A kinematic, single-acting, four power-piston, gamma- 
configuration LTD Stirling engine was tested with a solar 
simulator using non-pressurized air as a working fluid. 
Four 1000 W halogen lamps were used in the solar simula¬ 
tor. The engine was tested with four different simulated 
solar intensities. Results from this study indicate that the 
engine performance and heater temperature increase with 
increasing simulated solar intensity. In fact, findings indi¬ 
cate that the maximum engine torque, shaft power, and 
brake thermal efficiency increases with increasing heater 
temperature. At the maximum simulated solar intensity 
of 7094 W/m 2 , or actual heat input of 1378 W and a heater 
temperature of 439 K, the engine produces a maximum tor¬ 
que of 2.91 N m, a maximum shaft power of 6.1 W, and a 
maximum brake thermal efficiency of 0.44% at 20 rpm, 
approximately. 

Although this engine performance is not so high, if we 
consider the fact that the solar-powered Stirling engine is 
powered by an emission free hear source, this study is a 
worthwhile step towards clean energy production. Further¬ 
more, this engine design gives a compact LTD Stirling 
engine with high power-piston swept volume that could 
possibly be used with a simple conventional solar concen¬ 
trator, the structure of which is easier to construct. An 
example of this is the conical reflector. 

Besides increasing the precision of engine parts, the 
engine performance can be improved by increasing the heat 
source efficiency. By using a transparent cover for the bot¬ 
tom of the displacer head or absorber, for example, will 
enhance the heat transfer to the engine and potentially 
improve the engine performance. The engine performance 
could be further increased if a better working fluid, e.g. 
helium or hydrogen, is used instead of air and/or by oper¬ 
ating the engine at varying degrees of pressurization. 
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